Interior permanent magnet synchronous machines (IPMSMs) are commonly utilized in many applications where high-torque density and low torque ripple are required. Flux barriers inside the rotor have a great impact on the electromagnetic performance and thus considered as an effective design parameter. This paper provides a comprehensive review of the function and design methodologies of flux barriers in IPMSMs. Both symmetric and asymmetric flux barriers that improve the torque capability and decrease torque ripples are discussed. The paper also investigates different flux barrier designs to reduce the stator and rotor iron losses to enhance the motor efficiency. The optimization of the shape of the flux barriers to mitigate irreversible demagnetization of the rotor magnets is also presented. It is concluded that a good design of flux barriers can significantly improve the motor's electromagnetic performance while reducing the manufacturing costs.
I. INTRODUCTION
Under the scope of cleaner transportation and less tailpipe emissions, vehicle electrification is rapidly reshaping the transportation industry. It also attracts growing customer interests in terms of better drive experience. As one of the key drive components, vehicles demand machines with high performance and high efficiency, which directly determines the vehicle output characteristics. Induction machines [1] , [2] are utilized in some electric powertrains. Switched reluctance machines [3] - [6] are the potential candidates to play a critical role in electrification due to the price volatility and supply chain issues with rare-earth permanent magnets. Nowadays, PM machines [7] - [11] , specifically interior permanent magnet synchronous machines (IPMSMs), are commonly utilized in electric and hybrid electric vehicles due to their high torque and power densities, high efficiency, and wide speed operation capability.
The associate editor coordinating the review of this manuscript and approving it for publication was Xiaodong Sun . Motor performance is significantly influenced by its electromagnetic characteristics. Both the stator and rotor designs are critical. Stator geometries are more constrained by the available space, number of phases and winding configurations. The stator parameters play a critical role in the machine performance [12] - [16] . On the rotor side, flux barriers in IPMSM have great impact on the electromagnetic performance. Rotor flux barriers are air voids located in the rotor mainly to prevent the flow of flux between adjacent rotor permanent magnets. Proper design of the flux barriers could significantly improve the torque and power densities. Many articles have studied and presented the benefits of flux barriers. Symmetric or asymmetric designs of flux barriers reduce the torque ripple without applying the typically adopted skewing [17] - [19] . Flux barriers may be designed to reduce stator and rotor iron losses, and improve the motor efficiency. They may also be designed to mitigate irreversible demagnetization of the rotor magnets. However, to the authors' best knowledge, there are no published articles that comprehensively summarize the FIGURE 1. Design parameters of the proposed motor [20] .
FIGURE 2.
Optimal designs in case of ferrite and rare-earth PMs [20] . design aspects of flux barriers and their effects on IPMSM performance.
This paper provides a comprehensive discussion on the approaches and methods of designing rotor flux barriers to improve the electromagnetic performance of IPMSMs. Symmetric and asymmetric designs that improve the torque capability and reduce torque ripples are presented in Sections II and III, respectively. In Section IV, flux barrier designs for iron loss reduction are investigated. Flux barriers designed to mitigate the irreversible demagnetization of rotor magnets are discussed in Section V. Finally, the conclusions are presented in Section VI.
II. SYMMETRIC FLUX BARRIERS
Flux barriers of IPMSMs are commonly designed with symmetry. Flux barriers are typically placed on both ends of the magnets to guide and adjust magnetic field around the rotor poles. One of the main parameters affecting the flux barrier shape is the magnet material. In [20] , the effect of the rotor rib shape on the torque ripple has been investigated with different magnet types. A Response surface methodology (RSM) has been utilized to optimize three design parameters (angle β and length L of the flux barriers, shown in Fig. 1 , and the magnet remanent flux density).
The objective is to maximize the average torque and minimize the torque ripple with certain upper and lower bounds on the design variables. The residual flux density (remanence) is assumed as 0.5T and 1T for ferrite and rare-earth magnets, respectively. It has been deduced that the average torque is mainly affected by the remanent flux density of the PMs while the other two parameters do not have the same impact. The torque ripple is affected by the distribution of saturated regions within the motor core. Thus, different shapes of flux barriers may be reached for different PM residual flux densities. The optimal designs with each PM material are shown in Fig. 2 . Longer flux barrier with smaller angle is obtained when rare-earth PM is utilized. The optimal design in the case TABLE 1. The optimal values with different PM materials [20] . of ferrite magnet is achieved by a larger flux barrier angle and shorter barrier length. Table 1 presents the optimal values of torque and torque ripple for both designs.
Symmetric flux barriers may have different shapes. In [21] , the four different flux barrier shapes shown in Fig. 3 have been studied. Model 1 has triangular shape flux barriers, Model 2 has trapezoidal shape flux barriers, and Models 3 and 4 have the same flux barrier as Model 2 but with an additional layer. The additional layer has triangular shape in Model 3 and straight shape in Model 4.
Taguchi method is used to optimize different design parameters that are designated in Fig. 3 
h represents the flux barrier height of Model 1. As h increases, the magnetic rib between poles and, hence, magnet leakage flux decreases. R 2 is the radius from the barrier edge to rotor center in Model 2, whereas θ 21 and θ 22 represent the barrier upper and lower angles, respectively. As shown in Fig. 3 (d) for Model 3, R 3 and θ 3 represent the radius from the additional flux barrier to the rotor center and the angle between single pole barriers, respectively. For Model 4, R 41 and R 42 are the radii from the rotor center to the lower and upper edges of the additional barrier, respectively. θ 4 is the angle between single pole barriers. It was concluded that all the optimized models significantly reduce both the cogging torque and torque ripple. A comparison between the base model, shown in Fig. 3 (a), and optimized models in terms of the average torque, cogging torque, and torque ripple is presented in Table 2 .
Model 3 in Fig. 3 (d) has been selected as the final design in [21] . Compared to the base model, it reduces the torque ripple by one half, increases the output torque by 8.2%, and reduces the cogging torque by 66%.
By placing additional flux barriers towards the rotor island in front of the magnets, the additional flux barriers help enhance the d-axis flux density with reduced flux passage area and reduced leakage flux which increase the torque.
Although the additional flux barrier functions like a separate flux barrier layer, it is physically connected to the first layer of flux barrier and, thus, provides a smoother flux path without disturbance in the rotor island in front of the magnets. This also serves to shape the air gap flux density profile. Careful positioning of this additional flux barrier layer will result in more sinusoidal air gap flux density and, hence, reduce the harmonics and the torque ripple.
Following [21] procedure, we applied Models 2 and 3 in Fig. 3 to an IPMSM with 48/8 winding configuration. The no-load flux lines of the two models, obtained by a finite element analysis (FEA) software, are shown in Fig. 4 
(a) and (b).
A comparison between the no-load airgap flux density of both models is also shown in Fig. 5 . It can be noticed that Model 3 has a more sinusoidal flux-density profile with higher amplitude. Double flux barriers are also utilized in IPMSMs to improve the torque performance. In [22] , two rotor configurations with double flux barriers, either joint or separated, have been proposed for single-layer-magnet IPM designs. As shown in Fig. 6 , the designs utilize the simple mechanical structure of single magnet layer while utilizing the benefits of double flux barriers to achieve improved torque performance. The IPM rotor flux barrier design is optimized by RSM, which searches the optimized geometry statistically and mathematically to improve the machine performance. Magnet length, flux barrier arc angles, and gap distance between the secondary layer flux barrier and the magnet layer were selected as the optimization parameters to conduct the RSM search. The two-layer flux barrier geometries serve to distribute the flux path in the rotor island in front of the single layer magnet and reduce the d-axis inductance and air gap flux density harmonics.
By following the optimization objectives, the search yields low cogging torque and low torque ripple while satisfying rated output torque and low THD harmonics in the back EMF waveform.
It was concluded that, when compared to an optimized conventional single-layer IPM design, the proposed double flux barrier configurations, joint and separated, reduce the torque ripple, by 57.6% and 64.85%, and cogging torque, by 66.7% and 76.7%, respectively.
During the design process of an IPMSM, the shape of the flux barrier should be adjusted along with other rotor parameters. In order to mathematically model and calculate the torque performance using flux barriers, a polygon model method with genetic programming has been used in [23] to shape the flux barrier design.
The optimization objective is selected to be the weighted sum of the average torque, the torque ripple, the cogging torque, and the rotor complexity. The search region, shown in Fig. 7 (a) , starts from the shaft diameter to the rotor outer diameter within half of the rotor pole by utilizing the symmetry. By giving different weight factors on flux barrier complexity, three models, shown in Fig. 7 (b)-(d), were obtained to compete with the base model in Fig. 7 (e). Fig. 7 (b) has the most complex shape since the rotor complexity weight is zero. However, it has the lowest torque ripple percentage while keeping a relatively high average output torque.
The other two geometries, Fig. 7 (c) and (d), with less flux barrier complexity also reduce the torque ripple significantly compared to the base model. The average torque, torque ripple, and cogging torque of the three designs are presented in Table 3 .
In comparison, all three of the optimized models improve the electromagnetic characteristics. It is obvious that the machine output performance is highly sensitive to the details of the flux barrier geometries. In these three cases, even though the flux barriers share similar location, size, and general shape, their impact on the torque ripple and cogging torque differ significantly.
It is ideal to pursue higher degrees of the flux barrier design complexity to enhance the machine performance. However, this will inevitably result in more demand in computational load during the design phase, as well as higher costs and difficulty in the tooling manufacturing for the lamination punching. The sharp edges in complicated flux barrier geometries are also not practical and they might crack in long-term service. Thus, it is to the engineers' best practice to design flux barriers with moderate complexity that can sufficiently suppress torque ripple and cogging torque, while satisfying reliability and manufacturing requirements.
In [24] , a different approach was applied for optimizing flux barriers shown in Fig. 8 . An analytical model was used which employs linear slotless stator current sheet [24] . The model considers the stator magnetomotive force (MMF) and the reluctances caused by the flux barriers and magnets. By varying the geometric parameters of the flux barriers in the magnetic model, the optimized solution can be found analytically. This provides a fast optimization method with high accuracy to reduce the output torque ripple. As shown in Fig. 8 , by varying the flux barrier angle, θ b1 and θ b2 , and the magnet height, h m1 and h m2 , in the mathematical model, the torque ripple can be minimized while maintaining high output torque. It was shown that the optimized machine provides slightly more torque for the same magnet volume. Moreover, the machine torque ripple is low at both low and high currents.
Flux barriers are also used in spoke-type motors to reduce leakage flux. In conventional flux barrier configurations, shown in Fig. 9 (a), the rib thickness should be small enough to reduce leakage flux but a minimum thickness is required to maintain structural strength, for instance, during high speed operation and during the punching process in manufacturing. This is a tradeoff that cannot be achieved simultaneously in some cases. In [25] , an alternative flux barrier for spoke-type motors has been proposed. As shown in Fig. 9 (b) , the number of barriers is half that of the poles. This design reduces the leakage flux, even with wider ribs, due to the much lower permeance of the air barrier where the leakage flux flows.
We have run FEA simulations of both designs for a 48/8 IPMSM. The no-load flux lines are shown in Fig. 10 . Although the alternate design rib is much wider, the design has less leakage flux.
The torque capability in a spoke-type motor is heavily affected by the leakage flux. Hence, the torque capability in the case of the conventional design in Fig. 9 (a) is sensitive to the rib width, whereas the alternate-barrier design in Fig. 9 (b) shows otherwise.
The torque produced by the alternate-barrier design is reduced from 4.7 to 4.57 Nm, or by 2.7%, when the rib width changes from 1.0 to 3.0 mm [25] . This enables designing motors with wider ribs without much effect on the electromagnetic performance. The punching process and, hence, the manufacturing are thus made easier. The maximum mechanical stress in the alternate-design is found to be lower than the yield strength of the silicon steel and the rotor deformation is negligible at high speed.
Symmetric flux barriers are also used in line-start interior permanent magnet machines. Fig. 11 (a) shows a rotor configuration with symmetric flux barriers that divide the rotor island into radial strips [26] . Changing the number of strips and the flux barrier dimensions can shape the air gap flux density, so that it approaches a sinusoidal wave along the airgap. However, too many radial flux barriers prevent the flux flow in the q-axis which reduces the q-axis inductance and, hence, the magnetic saliency ratio and power factor. The design also increases the rotor manufacturing complexity and cost. A configuration is then proposed to achieve better performance as well as manufacturability by reducing the radial flux barriers to two barriers per pole. For this purpose, a threesegment modular pole has been proposed which comprises two different types of PMs such that a PM with higher flux density is located between two PMs with lower flux density as shown in Fig. 11 (b) .
The flux barriers help to refine the air gap flux density by reducing the harmonics so that only the fundamental component is intensified and, hence, the air gap flux density becomes more sinusoidal.
A similar flux density distribution can be achieved without utilizing modular magnets. The authors in [26] proposed a design which comprises a simple PM pole with double barriers. For a line-start PM (LSPM) motor, simple PMs may be integrated with the rotor of an existing squirrel-cage induction motor. The non-magnetic rotor aluminum bars serve as flux barriers. The conventional and proposed designs are shown in Fig. 12 . Comparing Fig. 12 (a) and (b), the barriers 2 and 6 have been modified in the proposed design to obtain a doublebarrier design. This configuration reduces the flux density harmonics and increases the fundamental component. The proposed design in Fig. 12 (b) achieves 11% higher back EMF compared to a conventional rotor with the same amount of magnet volume. Moreover, the barriers 2 and 6 guide the flux produced by stator current to pass through the PM which reduces the d-axis armature reactance. We have run FEA simulations to show that concept for a 48/8 IPMSM. The results are shown in Fig. 13 . More flux passes through the magnet in case of extending barriers 2 and 6.
Hence, the proposed configuration has 60% higher ratio of the back EMF to the d-axis armature reactance as compared to that of the conventional configuration [26] . In order to achieve the performance requirements, the proposed machine requires 33% less PM volume compared with the conventional configuration [26] . In [27] , Machaon type flux barriers have been optimized to increase the average torque and reduce the torque ripple. This flux barrier type is named after Machaon butterfly, which has two large in addition to two small wings [28] .
In Machaon structure, as shown in Fig. 14, large flux barriers are located adjacent to small ones. The shape of Machaon flux barrier depends on the winding arrangement, the slot-pole combination of the motor, and the volume of the permanent magnets. A 4-pole 24-slot motor with two different adjacent Machaon flux barriers has been investigated in [27] . TRIBES optimization algorithm based on the motor analytical model is utilized to optimize the angular positions of the flux barrier tips shown in Fig. 14. The shape of the Machaon flux barrier is affected by the winding arrangement. Therefore, in [27] , optimizing the shape of Machaon flux barriers with non-chorded and chorded, short-pitched, winding has been analyzed.
When non-chorded winding is utilized, the average torque and torque ripple of the optimized design are 3.74 Nm and 10.98%, respectively. The torque ripple is reduced as compared to previously published Machaon designs [29] with uniform tips (θ 1 = θ 1 and θ 2 = θ 2 ). In the case of chorded winding, the torque ripple of the optimized design is further reduced to 8.8%. Moreover, the barrier thickness has been found to have minor effect on both the average torque and torque ripple. However, the number of slots significantly affects the torque ripple since it influences the optimized angles of the flux barriers. The torque ripple decreases as the number of slots increases.
III. ASYMMETRIC FLUX BARRIERS
In symmetric barrier designs, the flux barriers at the sides of each rotor pole are similar. Asymmetric designs may have different geometries or different orientations of flux barriers at both sides. Moreover, flux barriers may exist at only one side of the rotor pole.
In [30] , a procedure to reduce the torque ripple and cogging torque of IPMSM has been proposed by utilizing asymmetric flux barriers. An 8-pole 80-kW IPMSM is used in the analysis. The base, symmetric unskewed, motor cogging torque is 3.72 Nm. The motor generates 280.43 Nm at the base speed of 2750 rpm with torque ripple of 17.44%. The torque at the maximum speed of 10000 rpm is 79.96 Nm with 33.68% torque ripple.
Asymmetric flux barriers have been adopted to reduce the torque ripple without skewing. The rotor core is divided axially into two sections with the same lamination geometry. However, one section is flipped 180 • and reversely connected to the other. Therefore, the asymmetric flux barriers are aligned axially. The total torque is calculated by summing the torque waveforms of the straight half model and its reverse. The rotor asymmetry affects the magnetic saturation and, thus, the q-axis flux, which reduces the torque ripple. This procedure is different from skewing in that the torque ripples of the two sections are different in magnitude and angle. Unlike skewing, when the torques of both sections are added together, the total torque is increased, whereas the torque ripple is reduced.
Taguchi method has been used to minimize the torque ripple by optimizing three design parameters: the barrier upper and lower angles, θ 1 and θ 2 , and the radius R from the bridge to the rotor center as shown in Fig. 15 .
The optimized values of θ 1 , θ 2 , and R are 36 • , 36 • , and 80.7 mm, respectively. The optimized model has a lower cogging torque of 2.98 Nm, even though this was still higher than a three-step skewed model with 1.5 • skew angle.
But, as shown in Table 4 , the proposed model has the lowest torque ripple and highest torque. The proposed model also has TABLE 4. A comparison between the three models at the base speed [30] . 23.75% torque ripple at the maximum speed, which is 2.32% lower than that of the skewed model.
In [31] , hybrid genetic algorithm-Taguchi procedure is used to produce an asymmetric V-shaped-rotor IPMSM with low cogging torque and torque ripple. The objective is to minimize the cogging torque and torque ripple without or with a slight decrease in the average torque. The torque ripple is required to be less than 6%. Fig. 16 shows the seven design variables that were utilized to achieve the objectives: asymmetric magnet width ratio L 1 /L 2 , flux barrier height W h , left center flux barrier width W o1 , right center flux barrier width W o2 , left bridge width W b1 , right bridge width W b2 , and asymmetry angle δ. Three main points should be noted regarding the design variables.
The V-shaped barrier is shifted by an angle δ from the pole pitch centerline D. The two magnets have different widths, L 1 and L 2 , and the flux barriers shapes, W o1 , W o2 , W b1 , W b2 , are non-uniform.
First, an asymmetric design with the initial specifications is investigated. After that, Taguchi method is utilized to obtain a rough optimized set of the design variables.
The design parameters L 1 /L 2 , W o1 , W b1 , and δ are found to be the parameters dominating the torque ripple. These variables are then optimized using genetic algorithm GA.
Four different models have been presented, which are symmetric model S_M, initial asymmetric model I_A_M, Taguchi model T_M, and the hybrid GA-Taguchi model, HGAT_M. A comparison between the average torque T avg , cogging torque T Cog , and torque ripple T of all models is presented in Table 5 . The asymmetric designs have slightly lower average torque. However, the torque ripple and cogging torque of these designs have been significantly reduced. The cogging torque and torque ripple of the HGAT_M design are the lowest.
The authors in [32] used assisted barriers in asymmetrical V-shape-rotor IPMSM to make the reluctance and magnet torques have their maximum at or near the same current excitation angle, which significantly improves the total torque characteristic. These torque components were calculated using the frozen permeability method. As shown in Fig. 17 , the utilized magnet and reluctance torques, T u,mag and T u,rel , are the torque components that contribute to the maximum value of the total torque T max .
The utilized torques are not coincident with the corresponding peak torques, T pk,mag and T pk,rel .
The proposed assisted barriers are located at only one side between adjacent poles. The rotor configuration is shown in Fig. 18 . First, the assisted barrier angle γ is chosen as the design variable and an iterative optimization is conducted to maximize the contributions from the magnet and reluctance torques to the maximum value of the total torque. Compared to the original design without assisted barriers, the proposed design increases the maximum average torque by over 35.5% and the efficiency by 6.3% due to the achieved higher torque and lower iron losses. Torque ripple also decreases by 21.7% by using the proposed design configuration.
An optimization process is then conducted to three design variables which are α, γ , and d, shown in Fig. 18 , to enhance the motor average torque and efficiency without violating different design constraints on the magnet volume and the upper and lower bounds of the design variables. Compared to the proposed motor, the optimized motor has 16.6% higher torque, 1.9% higher efficiency, and 18.7% lower torque ripple.
Article [33] proposes another method for asymmetric flux barrier design to reduce the torque ripple without reducing the average torque. The flux barriers are designed such that the relative positions of their outer edges are not aligned with the stator teeth. The rotor is shown in Fig. 19 . A 4-pole IPMSM with double barrier layers, labelled P and Q, has been investigated. The relative position of the P layer flux barriers with respect to the stator teeth for a symmetric design is shown in Fig. 20 . In the proposed design, the relative positions between flux barriers' edges and stator teeth are shifted by nδ relative to the P 1 position, as shown in Fig. 21 .
The value of δ depends on the slot pitch τ s and the number of poles. Moreover, the relative positions of the second flux barrier layer Q are shifted by τ s +δ/2 from the corresponding first layer edges. This is shown in Fig. 22 . This procedure assures uniform distribution of the relative positions between the flux barriers and stator teeth. The procedure provides significant reduction in the torque ripple. It is applicable to rotors with any number of poles and layers.
One challenge of this design is that it provides limited space for permanent magnets. This restriction can be compensated by using high energy density rare-earth magnets. Another challenge of the design is the increase in the noise and vibration due to rotor asymmetry. This may be overcome by rotating every lamination or every several laminations in the axial direction by 90 • or 180 • .
Although there is no major difference between the d-and q-axis inductances of the symmetric and the asymmetric designs, there is slight increase in both inductances. The d-axis inductance increase is larger than that of the q-axis inductance. This reduces the reluctance torque. However, the magnet torque increase leads to slightly higher output torque. 
IV. FLUX BARRIERS FOR IRON LOSS REDUCTION
Apart from improving machine performance, flux barriers also serve an important role to reduce the losses. A good flux barrier design can reduce the machine iron losses and, hence, reduce the internal generated heat. This will improve the machine efficiency as well as improve the thermal loading capacity. In [34] , rotor design for a 70-kW 3-phase 8-pole 48-slot IPMSM has been proposed to maximize its average torque and reduce the iron loss. Rosenbrock's method in addition to time-stepping adaptive FEA are used to optimize 20 variables related to the flux barriers and the upper PM dimensions. The optimization process is conducted at peaktorque and field-weakening operating points. The objectives are to minimize the stator iron loss due to PM harmonic MMFs in the field weakening region and to maintain a developed peak torque over 97% of the initial design. The results of the optimization process are shown in Fig. 23 . Compared to the initial design, the upper magnet moves away from the rotor periphery and its flux barriers are extended towards the d axis. Thus, the PM flux is concentrated in the island area between the upper magnet and rotor periphery before reaching to the stator.
The authors claim that the optimized design has lower spatial harmonics caused by the PMs, which reduces the stator iron losses. However, this slightly reduces the average torque. Moreover, the maximum mechanical stress of the optimized design, at the maximum speed, is higher than the maximum yield stress including the safety factor of two. Further optimization is conducted to improve the average torque, reduce the core losses, and reduce the rotor mechanical stress. The final optimized design is shown in Fig. 24 . Comparing the electromagnetic performance of the initial and final optimized designs, the following points have been concluded: more than 20% reduction in the iron losses has been achieved. The PM flux linkage is reduced by 9% and there are slight changes in the d-axis and q-axis inductances. The PM torque was reduced, and the reluctance torque was almost the same. Thus, the total torque is reduced by 4% at the peak-torque point. Due to the reduced PM flux linkage, the induced voltage was reduced, and the high-speed continuous torque is improved. Due to the reduction in spatial harmonics, the cogging torque was significantly reduced whereas the torque ripple was slightly reduced. Lower stator core losses due to PMs have been achieved, and there was significant decrease in the iron losses in the field-weakening operating point.
The authors in [34] further optimized the rotor flux barriers in [35] to reduce the rotor losses, including PM eddycurrent loss. This prevents the demagnetization due to magnet temperature. The eddy current losses in PMs in a doublelayer IPMSM increase due to the slot harmonics. The slotharmonic flux passes to the rotor through the path between the magnets as shown in Fig. 23 (a) . Eddy currents are generated in the inner magnets, which can be reduced by blocking this path.
Based on the initial design shown in Fig. 23 (a) , a new flux barrier topology constructed by joining the flux barriers between poles, as shown in Fig. 25 , has been presented. This topology reduces the PM eddy current losses but the reluctance torque is reduced as well due to the reduced q-axis inductance.
Based on [35] procedure, we have joined the inner flux barriers of a 48/8 IPMSM. The eddy-current loss density in case of conventional-and joined-barriers designs, at certain rotor position, is shown in Fig. 26 (a) and (b), respectively. The losses have been significantly reduced in case of the joined barriers. However, the reluctance torque dropped from 1pu to 0.81 pu. In [35] , an optimized design is obtained by using Rosenbrock's method along with 2-D electromagnetic and mechanical FEA. The optimization considers the loss reduction, peak torque, and maximum stress on the rotor. The optimized design, shown in Fig. 27 , comprises rotor slits besides the inner-pole bodies at the outer magnet. This configuration reduces the losses with 5% reduction in the peaktorque capability. The optimized shape of the flux barriers, together with the inner-pole bodies, reduce the rotor core loss resulting from the slot harmonics. Compared to the initial model, these losses have been decreased by 50%.
For flux barrier design purposes, [36] develops an analytical model to estimate the flux densities in the airgap and stator teeth, and correspondingly calculates the iron losses. The analytical model is then used to develop iron loss factor maps.
These maps are contour plots of the iron loss factor versus the angles of the inner and outer flux barriers, shown in Fig. 28 , at a certain magnet thickness, current density, and current angle.
In order to minimize the effect of the magnets on the iron losses, the span angles of the flux barriers, θ b1 and θ b2 , are selected in the minimum loss region in the maps. The authors studied four designs which all have the same slotpole configuration. However, the designs have two different sets of flux-barrier span angles. The first set is outside the minimum loss region and the other one is inside that region.
Each set is accompanied with two different magnet heights and, hence, magnet volumes. For the same PM height, the average torque changes slightly at the low speed with changes in the flux barrier angles. For both magnet heights, the first set of flux barrier angles result in higher stator iron loss density regardless of the operating point. This is expected because this set of angles is outside the minimum loss region. For larger PM volume, the iron loss increases due to higher distortion of airgap flux density especially in the field weakening region. However, this increase has been limited by choosing barrier span angles in the minimum loss region.
V. FLUX BARRIERS FOR MITIGATION OF IRREVERSIBLE DEMAGNETIZATION
Magnet demagnetization is a typical concern during IPMSM design. A good flux barrier design can prevent magnet demagnetization in the rotor, improving the machine performance and the maximum machine operating temperature. Either high temperature or high current load can lead to severe magnet demagnetization, while permanent demagnetization could happen if the operating points are beyond the knee point of the magnet B-H curve. Flux barriers can be used as a useful tool to prevent irreversible demagnetization. Article [37] investigates the rotor flux barrier shapes and Dy-free rare-earth magnet thicknesses of an IPMSM for both the distributed and concentrated windings.
In this study, three rotor structures have been investigated: (i) rotor with parallel flux barriers (Type-A), (ii) rotor with tapered flux barrier angle (Type-B), and (iii) rotor with tapered flux barrier angle and equal flux barrier and magnet thicknesses (Type-C), as shown in Fig. 29 .
It was shown that for both the concentrated and distributed winding models, Type-B and Type-C rotor structures offer superior resistance to demagnetization.
This results from reduced reluctance around the tapered flux barrier angle such that there is more flux passing through the tapered area.
However, this also results that Type-B and Type-C have reduced torque output since there is leakage flux circulating around the tapered area. Compared to Type-B, Type-C is less prone to demagnetization as the armature reaction from the stator MMF surrounding the magnet is lower when the flux barrier and magnet thicknesses are equal.
We have run FEA simulations to investigate the effect of the various structures on the magnet demagnetization of a 48/8 IPMSM. The demagnetization ratio [10] of the magnets with A, B, and C rotor structures is shown in Fig. 30 . It shows that type C is less prone to demagnetization. However, the output torques are 1pu, 0.93pu, and 0.95pu, respectively.
In [38] , flux barriers shown in Fig. 31 were implemented to prevent the demagnetization of the rotor magnets. The gap FIGURE 31. Flux barrier design to improve demagnetization endurance in BLDC motor [38] .
distance W d between the two flux barriers under the same pole is selected as the design variable to optimize the demagnetization endurance.
The side rib width between the flux barriers and the rotor periphery is controlled to be fixed at 1mm, considering the trade-off between the rotor mechanical strength and rotor saturation. The gap distance is selected by design of experiments as 13 mm to minimize the cogging torque and torque ripple, and provide sufficient performance to meet the demagnetization requirement. It was concluded that the optimized flux barrier improves the demagnetization resistance under the starting current, or short circuit current, which is the worst case for magnet loading.
VI. CONCLUSION
Flux barriers affect the electromagnetic performance of interior permanent magnet synchronous machines (IPMSMs) significantly. It is one of the most useful tools in motor design to improve output performance and efficiency. This paper provides a comprehensive review for the function and methodologies of the flux barriers in IPMSMs, including the effects of symmetric and asymmetric flux barriers on the motor average torque and torque ripple. Design principles and optimization techniques have also been presented. Symmetric and asymmetric designs can reduce the motor torque ripple and cogging torque while enhancing the torque capability. Flux barriers may also serve an important role to reduce the stator and rotor losses. A good flux barrier design can reduce the machine iron losses and PM eddycurrent losses. This reduces the internal generated heat and improves the motor efficiency and thermal loading capacity. A proper flux barrier design can prevent magnet demagnetization, improving the machine performance and the maximum operating temperature. The flux barrier design can also reduce the manufacturing cost and complexity as presented in the alternate-barrier spoke-type IPMSM. However, complex barrier shapes may result in more demand in computational load during the design phase, as well as higher costs and difficulty in tooling manufacturing for lamination punching. A detailed mechanical stress analysis should be conducted since there may be locations with local stresses on the rotor around the barriers. For asymmetric-barrier designs, noise and vibration may increase and the torque performance may not be the same in both rotation directions. These challenges need to be addressed in the design process.
The flux barrier designs presented in this paper can help the electric motor designer to select the proper flux barrier configuration and analysis techniques to improve the performance of their motor design.
